Strontium (Sr) is known to positively affect the mechanism of bone remodelling. Consequently, calcium phosphate bioceramics associated with alginate matrices containing strontium could improve bone regeneration due to gradual strontium release. This work aims to incorporate Sr on microspheres of alginate (ALG)/β-tricalcium phosphate (β-TCP) and evaluates the in vitro release of strontium ions into a buffer solution at pH 4.0 and 7.4. In this study, strontium chloride was employed as a cross-linking agent and Sr source. Energy dispersive spectroscopy (EDS) showed that strontium was incorporated mainly at the surface of the microspheres produced. The in vitro experiments revealed that there is a rapid strontium release up to 24 h at pH 7.4 due to Sr location on microspheres' surface. At pH 4.0 both calcium and strontium were released due to the β-TCP dissolution.
Introduction
Calcium phosphate ceramics (CaP) have received great attention to repair and reconstruct damaged or diseased parts of the human skeleton hard tissues, such as bones and teeth 1 . Among the various calcium phosphate ceramics, β-tricalcium phosphate (β-Ca 3 (PO 4 ) 2 , β-TCP) is considered a suitable candidate as a synthetic bone graft and cement, due to the notable biocompatibility and its compositional similarities to human bones 2 . Besides that, the dissolution rate of β-TCP is faster than other biomedical ceramics 3 . This feature makes it resorbable in vivo, with new bone growth replacing the implanted material. This favourable solubility of β-TCP in physiological environments also promotes its use as a great material for drug delivery system (DDS) 4 . Changes in the structure of a bioceramic have been proposed in order to improve their performance as substituent bone. In particular, the partial replacement of Ca by Sr ions in the calcium phosphate lattice has been of great interest 5 , due to the fundamental role of strontium (Sr) in the mineralisation of tissues. Strontium is chemically similar to calcium and can be incorporated into the mineral structure of bone, especially in regions of high metabolic turnover 6 . Due to the beneficial effects of Sr on bone remodelling, Srcontaining drugs have been widely used for the treatment of osteoporosis. Recent researches have indicated the dual effects of strontium ions. They promote osteoblast activity by stimulating bone formation and reduce the osteoclastic activity, leading to a decrease in bone resorption 7 . However, the poor mechanical properties of β-TCP limit its use to non-load bearing applications 8 . Thus, the combination of inorganic and organic components has been investigated in order to produce composites with physico-chemical characteristics improved when compared to isolated components 9 . Some polymers, such as alginate, are used as polymeric matrix in DDS. However, a weak interaction between the polymers and the drugs, burst release of the drugs and the fast degradation of the polymer contribute to the development of alginate-containing composites 10 . Alginate is a linear copolymer of 1,4-1inked β-Dmannuronic acid (M) and α-L-guluronic acid (G). It is composed of homopolymeric blocks (GG or MM) and blocks with an alternating sequence (GM) along the chain. Alginate forms stable hydrogels in the presence of divalent cations. The gelation process occurs through the ionic interaction between the cation and the carboxyl group of G units in a model called "egg-box" 11 . Calcium cations are usually the most frequently used for cross-linking processes. However, other cations may also be employed, such as Sr In vitro degradation tests have been widely used to evaluate the dissolution-reprecipitation processes of calcium phosphates. Changes in ion concentrations in solution with soaking time can reveal the material's behaviour. Different *e-mail: anapauladm@metalmat.ufrj.br buffer solutions are employed as soaking media in order to mimic the environment in which the biomaterial will be implanted. These buffers can simulate a neutral (simulating body fluid) or acidic pH 12 , corresponding to the inflammatory reactions that precede the osseointegration process.
In this study, strontium ions were employed in the production of the microspheres as a cross-linking agent. The microcapsules were exposed to two different solutions for up to 14 days and changes in the physico-chemical properties and strontium release were evaluated. , Merck, Darmstadt, Germany) under slow magnetic stirring at room temperature. The microcapsules were kept in the solution overnight to ensure complete exchange of Na for Sr. The microspheres were removed from solution, washed in distilled water and dried in an oven at 37°C. The microcapsule diameters used in this study ranged from 355 to 420 µm.
Material and Methods
The produced microspheres were characterised by X-ray diffraction (XRD, XRD-6000 Shimadzu diffractometer) with CuKα radiation operating at 30 kV and 30 mA. X-ray diffraction data were collected in a range of 5- , using the ATR (attenuated total reflectance) mode.
Morphological investigation of the microspheres was performed by scanning electron microscopy (SEM, JSM6460 JEOL) operating at 15 kV. Energy dispersive spectroscopy (EDS, System Six 200, Thermo Noran) was used to qualitatively identify strontium on the microspheres. The samples were sputter-coated with a thin gold layer (Emitech, K550, USA) to avoid electrical charging before examination.
The in vitro tests were carried out according to ISO 10993-9 13 , by immersing 250 mg of microspheres into 5 mL of buffer solution in a polypropylene tube. The composition of the buffer solution was sodium chloride (NaCl, 10 mmol.L ). Lactic acid was used to adjust the pH to 7.4 (simulating a body fluid) and 4.0 (simulating an inflammatory process). The tubes were kept in horizontal position and incubated at 37°C in an orbital shaker (120 rpm, incubator shaker, M.S. Mistura). The microcapsules remained in contact with the solutions for different times (12, 24, 48 , 72 hours, 7 and 14 days). The experiments were performed in triplicate. After each time interval, the fluid was filtered and separated, and the solid material was washed with distilled water, dried at 37°C and re-examined using the already mentioned techniques.
Calcium and strontium contents present in the fluid after in vitro tests were determined using atomic absorption spectrophotometer (AAS, AA-6800 Shimadzu) with (k(Ca) = 422.7 nm and k(Sr) = 460.7 nm). The samples were diluted to an appropriate volume with potassium chloride in hydrochloric acid (HCl, 6 mol.L -1 ), in order to suppress interferences. AAS was used to analyse the biological fluid before and after the assay. The final result is an average of the values.
Results and Discussion
Initially, the reproducibility of the employed method was tested, since, according to the literature 14 , the usual production of microspheres employs a CaCl 2 solution. The experimental process of microcapsules production using SrCl 2 solution, as described above, was repeated three times under the same conditions, resulting in more than 90% homogeneous ALG/β-TCP/Sr microspheres.
XRD patterns of pure β-TCP and ALG/β-TCP/Sr microspheres are shown in Figure 1 . The results showed that there is only one phase present on the microcapsules produced, β-TCP, which is in good agreement with the standard data JCPDS 9-0169. The XRD spectrum of produced microspheres revealed a slight displacement in the diffraction patterns to higher diffraction angles. Furthermore, the high intensity peak (2 1 1) observed in pure β-TCP is less intense in the microcapsules of ALG/β-TCP/Sr. Similar characteristics were described by Rajkumar et al. 15 and Son et al. 16 , showing that a polymeric matrix contraction occurs through chemical bonding between β-TCP and alginate.
Some authors report a shift to lower angles when strontium substitution in the Ca site occurs 17 . However, it was not observed in the produced microspheres. It seems that Sr is not incorporated in β-TCP lattice in significant amounts and/or that this effect is negligible when compared with the matrix contraction.
FTIR spectra of pure β-TCP, sodium alginate and ALG/ β-TCP/Sr microspheres are shown in Figure 2 . The presence 18 , but there may also be an interaction between strontium ions and the COO -groups of alginate. Figure 3 shows the morphological features of the ALG/ β-TCP/Sr microspheres. The microcapsules (Figure 3a) showed a rough surface with rounded particles of the β-TCP well embedded and homogeneously dispersed throughout the porous alginate matrix. Even presenting a rough and irregular surface, with high magnification, cracks were not observed, Figure 3b . The presence of cracks would be undesirable, as the drug should be retained inside the microspheres.
The presence of Sr on microspheres was confirmed by EDS (Figure 3c ). However, higher Sr peaks' intensity were found on microspheres' surface than inside, when cross-section was analysed (not shown). The formation of beads occurs, instantaneously, when spherical drops come into contact with Sr 2+ solution 9 . In the present case, the cross-linking agent was strontium ions, which have a larger ionic radius than calcium (i.e. 1.13 Å for Sr 2+ and 0.99 Å for Ca 2+ ) 19 . Therefore, during the gelation process, the exchange of large Sr ion probably results in the formation of a crosslink in which the strontium ions are predominant on the surface compared to inside the beads. Moreover, the In vitro tests (Figure 4) showed that up to 24h, at both pH levels tested, there is an increase in the calcium and strontium concentration in the solution, denoting a fast release of these ions. Similar results were reported by Suganthi et al. 7 who described that the initial burst release could be used for antibiotic delivery to prevent an inflammatory process after surgery. Our study was performed with microspheres of 355- 420 µm diameters, which are favourable to the dissolution process due to the high contact surface.
After 24 h soaking, there is a decrease of strontium and calcium concentrations in the medium and, after 72 h soaking, this depletion is more significant at pH 4.0. Based on previous reports 21 , the β-TCP dissolution initially occurs with Ca 2+ , Sr 2+ and PO 4 3-ions being released. With increasing soaking time, the ions concentrations rise and the solution becomes super-saturated, resulting in the precipitation of a new calcium phosphate phase. The precipitation process is responsible for decreasing calcium and strontium concentrations after 24h 22 . This process happens until equilibrium is reached, where, after 7 days, the strontium release is constant.
The strontium and calcium release profiles display a similar trend. Comparing both conditions, the ion relief is more pronounced at pH 4.0 due to the higher dissolution of calcium phosphates in acidic environments 23 . Thus, this pH provides a fast release of Ca 2+ , Sr 2+ and PO 4 3-in the first 24 h, as can be seen in Figure 4a .
The Sr/Ca molar ratio remains almost constant and equal to 0.8 during the entire experiment, indicating that the Sr liberation rate is close to Ca. Moreover, as pH 4.0 is favourable to β-TCP dissolution, the release of ions occurs only in the beginning and, after the initial burst, the Sr/Ca molar ratio remains unchanged.
However, at pH 7.4 ( Figure 4b ) there is a higher liberation of strontium ions when compared with calcium release. These results corroborate with the fact that the strontium ions are found preferentially on the surface instead of inside the microspheres. Therefore, as pH 7.4 is not aggressive and does not promote β-TCP dissolution, the release rate follows all of the previously mentioned stages, being favoured by swelling surface.
The dissolution process seems to follows these steps: when the microspheres are placed in contact with buffer solution, the sodium ions from solution initiate an ionexchange process with calcium and strontium ions which are binding with COO -groups in the polymannuronate sequences. Thus, the initial phase is the swelling of microcapsules with calcium and strontium diffusion into the medium. At the same time, slight β-TCP dissolution occurs, along with phosphate release. Increasing soaking time, the beads swelling and the chain relaxation rise. After the swelling process, there is ion-exchange with calcium and strontium ions, which are stable and strongly bind with COO -groups in the polyguluronate units. The final stage is microsphere disintegration because of the loss of structure caused by calcium and strontium release 20 . These stages happen more or less drastically in accordance with the pH buffer solution.
Considering the initial Sr content on the microspheres, the Sr maximum amount released during one day was about 66% of the total present in the microcapsules. This corresponds to a low strontium dose per day. Depending on the treatment, it is possible to change the strontium concentration for the best result in order to improve the osteoblast differentiation and reduce osteoclast activity. Figure 5 shows the morphological features of the ALG/ β-TCP/Sr microspheres after immersion in buffer solution at pH 4.0 for 7 days (a), and at high magnitude (b), and at the same pH for 14 days (c), and in high magnitude (d). In acidic pH, the carboxylate groups of alginate are protonised and the alginate polymeric chains are more relaxed. Although the protonation hinders water uptake and, hence swelling, the microspheres absorb water at a slow rate 20, 24 . For this reason, the size of microspheres increased, indicating that they are more swelled up to 7 days of immersion. At 14 days, higher β-TCP dissolution occurs, exposing the alginate organic matrix, leading to microcapsules collapse. These results corroborate with data presented by in vitro tests where it was observed that there was a higher Ca and Sr release at acidic pH.
SEM micrographs of the ALG/β-TCP/Sr microspheres after immersion in buffer solution at pH 7.4 for 7 and 14 days are shown in Figure 6 . In the body fluid pH, the alginate polymeric chains tend to absorb more water, hence swell quickly and then begin the disintegration and disruption process of egg-box structure. For this reason, after 7 days, the microspheres are shrunken, cracked and β-TCP is more apparent, thus maintaining the microsphere structure (Figure 6a , detail in high magnitude 6b). At 14 days, greater polymeric matrix disintegration occurs, making them unable to maintain the microsphere structure 20, 24 ( Figure 6c , detail in high magnitude 6d).
XRD patterns of the material after dissolution tests at pH 4.0 buffer (Figure 7a ) revealed only β-TCP phase. However, the diffraction peaks presented a decrease in the intensity and a width enlargement, characterising a poorly crystalline apatite phase. The dissolution of β-TCP was followed by the precipitation of a new calcium phosphate phase that was not detectable by XRD. No significant changes were observed in XRD patterns of the samples obtained after pH 7.4 buffer immersion (data not shown).
FTIR spectra of the samples after dissolution tests (Figure 7b ) exhibited bands at 1608 and 1422 cm -1 which were more pronounced. These bands correspond to C=O and COO -groups present in the alginate, as well as demonstrating the carbonate presence. These CO 3 2− ions (bands at 1422 and 813 cm -1 ) are incorporated from CO 2 present in the atmosphere and in the buffer solution. Similar results have been reported by Son et al. 16 .
Conclusions
In this study, ALG/β-TCP/Sr microspheres were prepared through the droplet extrusion process, employing strontium chloride solution as a reticulating agent. Energy dispersive spectroscopy (EDS) showed that strontium was incorporated mainly at the surface of the microspheres produced. The in vitro experiments revealed that there is a rapid strontium release up to 24 h at pH 7.4 due to Sr location on the microspheres' surface. At pH 4.0, both calcium and strontium were fast released due to β-TCP dissolution. The Sr release up to 24h at pH 4.0 was about 66% of the total present in microspheres. In vitro tests have shown that, at acidic pH, the ions released would be governed by the inorganic phase dissolution, while at neutral pH, organic matrix swelling occurs and, consequently, the ions diffuse into the medium. The use of SrCl 2 in the gelation process of the microspheres jointly with an inorganic phase more degradable (β-TCP) allows rapid strontium release in the early stages of implantation, which can be relevant to bone remodelling.
